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Abstract
Nowadays it is common to increase the acoustic and thermal performance of building fac¸ades
using the External Thermal Insulation Composite System (ETICS). In this paper a prediction
model to evaluate the sound transmission loss provided by such systems, also considering the
mechanical bridges that connect the insulating slabs to the basic wall, is presented. The model
is developed within the transfer matrix method framework and it is based on a well established
decoupled approach. The different formulations presented by several authors to take into ac-
count the structure-borne sound transmission through the mechanical connections in multilayer
and double-plate elements are not suitable to analyse these kind of building partitions, since they
are addressed only to thin plate elements and lightweight porous or fibrous materials. Unfortu-
nately, the different layers that the ETICS consists of need a more sophisticated definition within
the transfer matrix method. Therefore, a new model, developed for these specific elements, is
proposed. The computation of all the terms and the necessary assumptions are accurately de-
scribed and their validity is verified with experimental data. Finally, the reliability of the model
is investigated by comparing the numerical results with measured transmission loss.
Keywords: structural-bridges, sound insulation, transfer matrix method, ETICS
1. Introduction
The fac¸ades of buildings have to fulfil many functions other than giving good architectural
aesthetics. The fac¸ade represents the building’s coat that provides protection from the external
environment. It has to preserve the fabric of the building from meteorological events in order
to guarantee its functionality over the years. Moreover, it plays an important role in the thermal
and acoustic comfort of the indoor spaces. High thermal insulation performance is commonly
achieved by using a fac¸ade cladding system, known as the External Thermal Insulation Compos-
ite System (ETICS). The external walls of the building are lined with insulating slabs on which
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different finishings can be applied. The slabs are fixed to the fabric of the building using both
mortar or special resins and mechanical fixings distributed over the surface of the basic wall. Fur-
thermore, when a proper material is used, such as mineral wool, the system provides good sound
insulation as well as good thermal properties. In this case the ETICS system can also enhance
the acoustic performance required in buildings to meet the regulation requirements [1]. However,
while great attention has been paid to the thermal performance over the last ten years, thanks to
the EU policy for energy efficiency of buildings, only a few acoustic experimental investigations
have been done [2]. Moreover, the development of proper tools to perform an accurate acoustic
analysis of such systems is still lacking. These multilayer systems can be treated as double panel
structures with mechanical point connections. The structural bridges link the building wall to
the thin finishing layer through the insulating material. Therefore, the theoretical sound insula-
tion that would be provided by the element without mechanical fixings would be reduced, due
to the structure-borne sound transmission via the mechanical connections. In 2006, an exten-
sive comparison between more than twenty different approaches to predict sound transmission
in double panels was presented by Hongisto, [3]. Among them, only a few methods took into
account the presence of structural connections between panels. By means of a decoupled ap-
proach, the problem is simplified by computing the fluid-borne transmission, through the cavity
and the structure-borne path, through the connections, separately. The decoupled approach was
developed by Sharp [4] and it considers the sound transmission through structural bridges by
means of a correction term, calculated as a function of the sound power radiated by a point (or
line) connected panel [5]. Sharp’s method was modified and inserted into the transfer matrix
framework by Vigran [6], who also extended the validity of the method above the critical fre-
quency. A different version of the decoupled approach, mainly focused on line-connections for
studs cavity walls, was developed by Fahy and Gardonio [7]. The possibility to consider studs
with finite stiffness, a problem first analysed by Gu and Wang [8], was introduced into Fahy’s
model, through an equivalent mechanical compliance, by Davy [9, 10]. Moreover, Davy recently
published the full derivation of a prediction model for sound transmission via structural bridges,
both for line and point connections [11]. The line-connections assumption is particularly useful
to model cavity stud walls and double panel structures when the screw spacing is small com-
pared to the bending wavelength of the wave propagating in the plate [12]. However, this is not
the case for the ETICS system, which is not a frame based structure. Hence a point-connection
approach is more suitable. Despite the huge variety of models that can be found in the literature,
none of them seems to be suitable for the ETICS, since they have been developed for lightweight
structures. Moreover, they consider only thin plates, and the cavity being either empty or filled
with low-density porous or fibrous material, which can be modelled with good approximation
using simplified theories. On the contrary, the ETICS is mounted on walls that need to be mod-
elled as thick plates, and high-density fibrous materials are involved, which cannot be simply
approximated as equivalent fluids, but need to be modelled as poroelastic media using Biot’s the-
ory. The lack of such a study on this kind of multilayer structures with mechanical point bridges
motivated the work presented in this paper, in which a modified decoupled approach within the
transfer matrix method is proposed, assuming massless infinitely stiff point connections. In the
next section the basic background theory on the transfer matrix method is given and the numer-
ical model is described. In section 3 the investigated structure is introduced and its modelling
within the transfer matrix method is described, then, in section 4, the model is finally validated
with experimental data.
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Figure 1: An acoustic wave impinging on a stratified structure with a propagation angle θ. The multilayer element is
surrounded by a semi-infinite fluid on both sides.
2. Numerical model and theoretical background
2.1. Transfer matrix method background theory
The model implemented to compute the sound transmission through the ETICS system is
based on the framework of the transfer matrix method, from now on shortened to TMM. It
represents one of the most efficient methods used to describe the acoustic wave propagation
through layered structures [13, 14]. The TMM solves a two-dimensional problem of a plane
acoustic wave impinging on the surface (S 1) of the layered element, as sketched in Figure 1. The
general formalism of TMM can be expressed as:
V(S 1) = [T ]V(S 2) (1)
The vector V(S 1) represents all the variables needed to define the acoustic field on the surface
(S 1), while the vector V(S 2) contains the descriptors related to each single layer and all the vari-
ables that define the acoustic fields on the surface (S 2), such as pressure, velocity and stresses.
The transfer matrix [T ] describes the sound transmission through the stratified structure. The
size of this matrix depends on the nature of each layer, such as solid, fluid, or poroelastic. The
media in the TMM basic formulation are assumed to be laterally infinite, therefore discrepancies
between measured and predicted results might be significant, especially in the low frequency
range, due to the presence of structural modes in finite size elements and due to the diffraction
effect, caused by the finite dimension of the tested panel. The diffraction effect of the finite size
element was taken into account by introducing a geometrical radiation efficiency σ f inite. It was
computed using the reduced-order integral formulation provided by Bonfiglio et al. [15], which
reduces the computational cost compared to other techniques, such as the spatial windowing
technique developed by Villot [16], or the formulation proposed by Rahzi [17]. Although, it was
strictly developed for square plates, it proved to give reliable results as long as the plate aspect
ratio does not exceed 2:1. Assuming the multilayer element is extended by a semi-infinite fluid
on both sides, it is possible to express the relationship between the complex transmission T and
complex reflection coefficient R as:
T = − (1 + R) [DN+1]
[D1]
(2)
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The complex reflection coefficient is defined as:
R =
ZS cos θ − Z0
ZS cos θ + Z0
(3)
where Z0 = ρ0c0 represent the fluid’s characteristic impedance, which is a function of the fluid
density ρ0 and the speed of sound c0, while the surface impedance ZS of the stratified element
can be computed as:
ZS = −det [D1]det [D2] (4)
An alternative procedure to determine the complex transmission coefficient T and the surface
impedance Zs, for each frequency and each angle of incidence, which does not involve the cal-
culation of the determinants, is given in Eq. (11.97) and (11.98) of ref. [14]. The global transfer
matrix D to model the ETICS system, having (N + 1) rows and (N + 2) columns, is obtained
assuming a semi-infinite fluid termination:
[D] =

I f s J f sTs [0] [0] [0]
[0] Isp JspTp [0] [0]
[0] [0] Ips JpsTs [0]
[0] [0] [0] Is f Js f
[0] [0] [0] [0]
[
−1 Z0 cos−1 θ
]

(5)
where Ii j and Ji j are the matrices that couple the different media. The transfer matrices Ts and
Tp describe the sound propagation respectively through elastic solids and poroelastic layers. The
exact formulation of these matrices can be found in ref. [14]. The square matrices [D1], [D2]
and [DN+1] are obtained by eliminating from D the first, the second and the (N + 1)th column
respectively. For a given propagation angle θ of the incident wave, the transmission coefficient is
defined as:
τ∞ (θ) = |T (θ)|2 (6)
The transmission coefficient that takes into account the finite size effect τ f inite can be determined
as:
τ f inite (θ) = τ∞ (θ)σ f inite (θ) cos θ (7)
where the radiation efficiencyσ f inite represents the previously mentioned finite size correction for
a given angle of incidence θ. In the implemented code the transmission coefficient is computed
for a frequency vector which contains nine frequencies for each one-third octave band. The
transmission coefficient for each one-third octave is obtained by averaging the nine values that
fall within the frequency band.
2.2. Sound bridges correction
So far only the multilayer structure without structural bridges has been considered. To take
into account the mechanical bridges in the ETICS system, Vigran’s decoupled approach [6] was
conveniently modified. The basic assumption of the decoupled approach is to consider the trans-
mission through the different media and the transmission through the bridges as two independent
and additive paths. The total transmission loss TLtot is determined by adding a correction term to
the transmission coefficient τ f inite obtained from the TMM algorithm. The correction term is cal-
culated as the ratio between the power radiated only due to the bridges action Wb over the sound
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power Wa that would be radiated by the structure, without mechanical connections, due to the
airborne excitation. For each propagation angle of the incident sound field, the total transmission
coefficient τtot is given by:
τtot = τ f inite
(
1 +
Wb
Wa
)
(8)
The diffuse field excitation transmission loss TLtot,d is determined as:
TLtot,d = −10 log
∫ θmax
θmin
τtot (θ) cos θ sin θ dθ∫ θmax
θmin
cos θ sin θ dθ
(9)
where the angles θmin and θmax represent the propagation limits of incident sound wave. In the
implemented algorithm the finite range of angles 0 ≤ θ ≤ 90◦ was used. The sound power ratio,
introduced in Eq. (8) to take into account the transmission through the structural bridges, can be
computed as:
Wb
Wa
=
σb
σa
〈∣∣∣∣∣∣ vS 2,bvS 1,F
∣∣∣∣∣∣2
〉 〈∣∣∣∣∣∣vS 1,FvS 1
∣∣∣∣∣∣2
〉 〈∣∣∣∣∣∣vS 1vS 2
∣∣∣∣∣∣2
〉
(10)
The first term in the right-hand side of Eq. (10), is the ratio between the radiation efficiency of the
plaster layer driven by one of the bridges σb, over the airborne radiation efficiency of the same
element excited by an acoustic sound field σa. Analogously, vS 2,b is the mean square vibration
velocity of the surface S 2 driven by the mechanical bridge, while vS 1 and vS 2 are the mean
square velocities averaged over the surface (S 1) and (S 2) respectively, without the structural
connections. The force exerted by the bridges depends on the vibration velocity of surface they
are connected with, represented in this model by vS 1,F , as shown in Figure 3. While it is a
perfectly reasonable thin plate approximation, the mean square velocity cannot be assumed equal
over the two opposite surfaces of a thick plate: vS 1,F , vS 1 .
The radiation efficiency σb has been defined, in Vigran’s model, as the link between the
sound power radiated due to the action of one bridge and the surface mean square velocity of
the restricted area over which the bridge is acting. However, this approach is not suitable for
the ETICS system, since the bridge-driving action has a global influence on the velocity over the
thin finishing layer surface. In fact, the presence of structural connections does not increase the
velocity only locally, over a restricted area the bridge acts on, but it affects the entire radiating
surface. In Figure 2 the measured velocity levels are mapped over a one-square-meter sample of
the studied structure, described in the next section. Although, the structural connections are well
detectable in Figure 2(a), their action affects the vibration velocity over the entire surface com-
pared to the element without mechanical connections in Figure 2(b). The presence of structural
connections influence the whole radiating surface, although the highest levels coincide with the
bridges, also the velocity in the bays is significantly increased. The radiation efficiency σb of the
mechanically excited plate is determined according to Davy’s equations presented in ref. [18],
which take into account both the resonant and the near field contribution:
σb =

σr
(
1 + 1r
)
if f < fc
σr if f ≥ fc
(11)
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Figure 2: Mapping of the vibration velocity levels distribution on a 1 square meter sample of the finishing layer of the
ETICS system. (a) Mechanical connection mounting condition: • 7 bridges per square meter represents the standard in
real conditions. (b) Mounting condition without mechanical connections.
where σr is the radiation efficiency of the resonant vibration field of the panel. This acoustic
descriptor is commonly used when a mechanical broadband excitation is involved, assuming: (i)
a high modal density and modal overlap over the entire frequency range; (ii) that the sound power
is only radiated by resonant uncorrelated modes; (iii) that all the modes within the frequency
band have the same vibrational energy. In the same paper Davy presented the average radiation
efficiency for a rectangular plate excited by diffuse sound field.
σa =

rσr+σnr
1+r if f < fc
σr if f ≥ fc
(12)
where σnr is the radiation efficiency of the non-resonant vibrational field excited by an incident
diffuse airborne sound. The term r is the ratio of the power radiated by the resonant vibrational
field to the power radiated by the vibrational near field, for the point-excited panel. The term r
is also the ratio of the resonant vibrational energy to the non-resonant vibrational energy for the
panel acoustically excited by a diffuse sound field. In both the cases this ratio is given by:
r =
piωcσr
4ωη
(13)
whereω is the angular frequency,ωc the critical angular frequency and η represents the loss factor
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of the considered plate. Above the critical frequency fc it is not possible to distinguish between
the resonant and non-resonant vibrational fields. Thus in this frequency range σr = σb = σa and
the radiation efficiency of the plate tends asymptotically to unity as the frequency increases.
The mean square velocity of the finishing plate, mechanically excited by a number of point-
bridges per square metre nS , can be computed according to ref.[11] as:〈∣∣∣vS 2,b∣∣∣2〉 = nS |Fb|2ωηS 2mS 2 Re (YS 2) (14)
where mS 2 = ρS 2hS 2 is the mass per unit area of the plaster layer, being ρS 2 its density and hS 2 its
thickness. The point-drive mobility YS 2 for a thin plate is given by:
Yi =
ωc,i
8mic20
(15)
The exciting force Fb is determined as a function of the vibration velocity of the basic wall
excited by the diffuse sound field as:
|Fb|2 =
〈∣∣∣vS 1,F ∣∣∣2〉∣∣∣YS 1 + YS 2 ∣∣∣2 (16)
Under the thin plate theory the vibration velocity on the opposite surfaces of a plate is assumed to
be equal. However, as the thin plate theory is limited in frequency range, for a massive structure
such as the basic wall in the ETCIS system, this might not be verified in the entire frequency
range. Therefore, the point-exciting force is derived from the vibration velocity of the surface
the bridges are connected with, vS 1,F , namely the velocity of the inner side surface of the basic
wall, on the interface with the mineral wool layer, as shown in Figure 3. In literature different
criteria for the thin plate theory limit can be found, for example the bending wavelength being
greater than 6 times the plate thickness. In the frequency range where the thin plate theory is not
valid the point mobility of the basic plate YS 1 should be derived from the equation developed for
thick plates in [5]. On the other hand such point mobility is very small compared to the mobility
of the plaster layer YS 2 and can be approximated as YS 1 = 0. The second term of Eq. (10) is thus
given by: 〈∣∣∣∣∣∣ vS 2,bvS 1,F
∣∣∣∣∣∣2
〉
=
nS
ωηS 2mS 2
∣∣∣YS 2 ∣∣∣ (17)
It should be mentioned, that since within the TMM the layers are infinitely extended, the reflec-
tions of the transverse wave velocity at the edges are not included, Therefore, below half the
critical frequency of the basic wall the velocity derived from the TMM represents the forced vi-
brational response rather than the resonant one. For this reason, below the coincidence, a factor
Q, given in Eq. (18) of ref. [11] as a function of the ratio between the resonant and the forced
vibrational energy, needs to be included in the numerator of Eq. (17). However, considering that
the critical frequency of the basic wall falls between the 160 Hz and 200 Hz bands, where the
bridges’ action is not significant, it has been neglected.
The surfaces velocity ratio
∣∣∣vS 1/vS 2 ∣∣∣2, like in Vigran’s model, is derived from the transfer
matrix computed for the multilayer structure in absence of mechanical bridges. The main differ-
ences from Vigran’s approach is the possibility to consider many kinds of layers, and matrices
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Figure 3: Diagram of the multilayer ETICS system modelled using TMM. In order to consider the transmission contri-
bution due to the bridges action, which is neglected by the TMM, the mechanical force Fb determined as a function of
the velocity vS 1 ,F .
of any size. Vigran’s model was developed only for thin plates and low-density fibrous/porous
materials, which can be described with good approximation as an equivalent fluid using the laws
of Delany and Bazley, depending only on their air flow resistivity and thickness. In other words,
only a [2 × 2] transfer matrix is allowed and no coupling matrices are needed. However, when
thick plates or poroelastic layers are modelled, matrices of different size are involved, thus cou-
pling matrices are needed. In this case, the derivation of the ratio between surfaces’ mean square
velocities, provided in Vigran’s model, cannot be applied, due to the increased size of the global
transfer matrix. Therefore, a new procedure to numerically determine vS 1 and vS 2 is proposed.
As already mentioned when Eq. (1) was introduced, the column vector V(S 1) contains all the
variables to completely define the acoustic field in the fluid medium adjoining the surface (S 1),
namely the sound pressure and the particle velocity along the x−direction:
V(S 1) =
[
p f (S 1) , v f ,x (S 1)
]
(18)
Since the exciting acoustic pressure is arbitrary, it is possible to delete the first column of the
transfer matrix D, given in Eq. (5), obtaining a square matrix, indicated as [D1]. The column
vector V (S 2), containing all the variables that describe the acoustic field in the fluid domain ad-
joining the surface (S 2), other than the variables that define the transmission through the different
layers, can be computed by solving the algebraic system:
[D1]V (S 2) = P (19)
where the vector P is the first column deleted from the matrix D multiplied by −1. Due to the
continuity condition, the vibration velocity over the external surfaces is equal to the particle
velocity of the adjoining fluid media. Thus, for each propagation angle θ the complex velocities
8
Table 1: Elastic properties of the equivalent homogeneous plate used as input data for the basic wall in the TMM model
f [Hz] E [Pa]
100 2.13 · 1010
125 1.77 · 1010
160 1.44 · 1010
200 1.19 · 1010
250 9.89 · 109
315 8.15 · 109
f [Hz] E [Pa]
400 6.68 · 109
500 5.54 · 109
630 4.57 · 109
800 3.74 · 109
1000 3.10 · 109
1250 2.58 · 109
f [Hz] E [Pa]
1600 2.58 · 109
2000 2.58 · 109
2500 2.58 · 109
3150 2.58 · 109
4000 2.58 · 109
5000 2.58 · 109
vS 1,θ and vS 2,θ are determined from the vector V (S 2) as the first and last element respectively:
V (S 2) =

vS 1,θ
...
vS 1,F,θ
...
vS 2,θ

(20)
The same procedure also allows one to obtain the velocity vS 1,F , that the mechanical force Fb
depends upon. Its position in the vector V (S 2) depends on the type of layers and their arrangement
in the TMM model. In the model presented here, vS 1,F is the transverse velocity of basic wall,
defined as a solid elastic layer and is the third element of the column vector V (S 2). The derivation
of vS 1,F is computationally costless. In the case that the thin plate theory is valid over the entire
frequency range vS 1,F = vS 1 and the third ratio on the right-hand side of Eq. (10) would be equal
to 1.
3. Investigated structure
Experimental measurements have been performed in the wall sound insulation test facility
of the University of Ferrara in order to investigate the reliability of the model and validate the
assumptions made for its derivation. The studied structure is a massive wall clad with the ETICS
system. The basic partition is a masonry wall plastered on both sides. Its total thickness is equal
to 150 mm. Masonry walls are highly non-homogeneous and anisotropic structures and it is
not easy to determine the elastic properties needed as input data in prediction calculations. To
simplify the problem, it was modelled as an equivalent homogeneous solid layer, described by
frequency dependent elastic properties, instead of elastic constants, as is common when using
homogenization techniques [19]. The frequency dependent elastic modulus, reported in Table
1 was derived from the measured transmission loss, using a minimization algorithm, developed
specifically within the TMM framework, as described in ref. [20], assuming the Poisson’s ratio
ν = 0.33 and a constant loss factor η = 0.045 as typical values for this kind of partition. The basic
wall was clad with mineral wool slabs 100 mm thick, finished with 5 mm of reinforced cement
plaster. The high density mineral wool layer is modelled as a poroelastic medium to consider
both the fluid and the solid phase. The five parameters related to the fluid phase, namely airflow
9
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Figure 4: Diagram of the ETICS system mounted on the basic masonry wall and the definition of TMM media. (a)
The mounting condition involves only adhesive mortar without mechanical connections; (b) Both mortar and mechanical
fixings are used to mount the cladding system on the basic wall.
resistivity σ, open porosity φ, tortuosity α, viscous and thermal characteristic lengths Λ and
Λ
′
, were experimentally determined using laboratory measurements combined with an inversion
procedure algorithm [21]. The mechanical parameters of the solid skeleton were determined from
quasi-static measurements [22]. The cement plaster layer, like the basic wall, was modelled as an
elastic solid medium using input values obtained from the literature. A diagram of the multilayer
element modelled with the TMM, for both the tested mounting conditions, is shown in Figure 4,
and the input data used for each single medium are given in Table 2.
In the first configuration the mineral wool slabs were fixed to the basic wall using only ad-
hesive mortar, applied over approximately 40% of the surface. It was necessary to implement
this configuration in order to determine experimentally the transmission loss provided by the ET-
ICS system, without the additional structure-borne transmission path via the mechanical bridges.
However due to static reasons, in the practical situation the adhesive fixing is not enough. It
is necessary to also provide mechanical connections. In this second configuration, the structure
was mounted by applying 7 mechanical bridges per square meter, in order to reproduce the in-situ
conditions.
4. Validation measurements and results
The sound insulation provided by the structure was determined according to the standard
ISO EN 10140-2 [23]. The influence of the mechanical connections on the transmission loss
provided by the multilayer element was thus, experimentally investigated by comparing the val-
ues measured with the two different mounting conditions. This comparison, given in Figure 5,
shows clearly that they have a significant influence in the frequency range above the 630 Hz
band, where the two experimental curves start to split apart, and a reduction of more than 10 dB
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Table 2: Mechanical, geometrical and acoustic descriptors used as input data in the TMM model
Eq. homogeneous plate Mineral wool slabs Reinforced plaster
h [mm] 150 100 5
ρ
[
kg/m3
]
1770 78 1500
E [Pa] freq. dependent Tab. 1 5.7 · 105 5 · 109
η [−] 0.045 0.05 0.01
ν [−] 0.33 0.01 0.3
σ
[
sPa/m2
]
- 59100 -
φ [−] - 0.90 -
α [−] - 1.00 -
Λ
[
µm
]
- 18.0 -
Λ
′ [
µm
]
- 36.0 -
can be found. It should be noted that the reduction of transmission loss due to bridges action is
much lower than the increase of velocity levels shown in Figure 2. Since the critical frequency
of the finishing layer is around 6750 Hz, this can be related to the vibrational resonant field, that
is unable to efficiently radiate sound energy away from the plate. In Figure 5, the transmission
loss provided by the basic wall is also plotted, only to highlight the contribution of the lining,
but it is not part of the investigation. The suitability of the TMM to predict the transmission
loss of these stratified building elements was proved by comparing the numerical results with
experimental data measured on the structure without mechanical connections. As shown in Fig-
ure 6, the TMM gives a good approximation of the transmission loss provided by the element.
The predicted curve matches reasonably well with the measured transmission loss over the entire
frequency range. The mass-spring-mass frequency is also correctly detected within the 125 Hz
band. In order to investigate the reliability of the model presented here and validate the assump-
tions made, each term of Eq. (10), used to evaluate the correction factor, is compared with the
experimental data and finally the global validity of the model is discussed.
In order to determine experimentally the velocities ratio in absence of structural bridges,
the surface vibration velocity was measured, both on the source vS 1,exp and the receiving side
vS 2,exp, using PCB accelerometers, with a sufficiently low mass (m ≤ 10 g), to avoid any possible
influence on the dynamic response of the finishing layer. The vibration velocity over the basic
wall surface was averaged over a random distribution of accelerometer positions according to
the standard ISO 10848-1 [24]. The velocity on the reinforced plaster surface, which in the
experimental configuration was on the receiving side, was averaged over a grid of accelerometer
positions, with an equal spacing of 100 mm. This procedure was extremely time consuming but
allowed the investigation of the regions over which the structural bridges were acting. In Figure 7,
the ratio between the average velocity on the surfaces (S 1) and (S 2), evaluated numerically from
the TMM, is compared with the data measured on the structure without connections. While a
very good agreement is found in the low frequency range, at higher frequencies the model seems
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Figure 5: Transmission loss experimentally evaluated on the basic wall and on the multilayer structure, with and without
the mechanical fixing.
to overestimate this ratio. The plastered masonry brick wall has been modelled by frequency-
dependent elastic properties of an equivalent homogeneous layer. This approximation may have
an influence on the velocity ratio. However, since the same model provided accurate results in
terms of transmission loss, as shown in Figure 6, the discrepancies might be due to experimental
uncertainties. In all probability the number of points used to measure the vibration velocity over
the surface on the exciting side (S 1), chosen in order to fulfil the distance requirements in ISO
10848, was not enough to obtain an accurate spatial sampling. Therefore, the mean velocity vS 1
represents an underestimation of the mean velocity of the surface (S 1), as was also found in a
recent study on the experimental evaluation of the quantities necessary to define the radiation
efficiency [25].
Due to practical reasons it was not possible to measure the mean square velocity on the
thin finishing layer driven only by the bridges actions. This is because the reinforced plaster
layer cannot be mounted detached from the mineral wool, with a vacuum instead of air in the
voids of the mineral wool and only suspended on the bridges. Under the decoupled approach
the total radiated power is assumed to be the sum of the airborne radiated power and the sound
power radiated due to the bridges action. This relationship can be expressed in terms of radiation
efficiencies and mean square velocity as:〈∣∣∣∣∣∣v2,totvS 1
∣∣∣∣∣∣2
〉
σtot =
〈∣∣∣∣∣∣vS 2,bvS 1
∣∣∣∣∣∣2
〉
σb +
〈∣∣∣∣∣∣vS 2vS 1
∣∣∣∣∣∣2
〉
σa (21)
In order to validate the the approach used to calculate the surface velocities ratio of the structure
with mechanical connections, the term on the left-hand side of Eq. (21) was experimentally
determined and compared with the terms on the right-hand side of the equation numerically
computed, in Figure 8. The comparison shows a rather good agreement between the experimental
total velocity ratio and the numerical results, which means that the model well approximates the
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Figure 6: Transmission loss of the ETICS system without structural connection. Comparison between the TMM results
and experimental data.
trend of the vibration velocity of the finishing layer driven by the structural bridges.
The same practical issue determined also the impossibility to experimentally evaluate the
ratio of the radiation efficiencies. Nevertheless, some considerations on the radiated sound power
can be made in order to validate the hypothesis of the model. The sound power radiated by the
finishing thin plate, in both the mounting conditions, was determined through sound intensity
measurements, performed according to the standard ISO 9614-3 [26]. The lateral walls and the
floor were shielded with absorbing material, to reduce the interference given by the reverberant
sound field. In Figure 9, the sound power levels radiated from the structure with Wtot,bridges and
without mechanical connections Wwo/bridges are compared. Below the 630 Hz band, no significant
differences are founded, while the two curves progressively split apart as the frequency increases.
At low frequencies transmission via the mineral wool frame and the air that fills the voids is
dominant. However, as the driving action of the structural connections becomes significant the
transmission via the bridges becomes more and more important. This is particularly in line
with the assumption made in the model, since at low frequency there is no difference between
the layered element with or without bridges, but at higher frequencies, approaching the critical
condition of the plaster layer, the resonant and the near field radiation, due to the mechanical
excitation, becomes the dominant component.
The global reliability of the model was finally verified by comparing the transmission loss
obtained from the TMM with the experimental results in Figure 10. The numerical results pro-
vided by the proposed model are in rather good agreement with the experimental data and the
sound insulation reduction in the high frequency region is well approximated. Although, in the
mid-frequency range a slightly higher transmission loss is computed with the TMM, while above
2000 Hz the reduction caused by the bridges action is overestimated, due to the assumption of
infinite stiff structural connections, as alredy discussed in [27]. In the same Figure the trans-
mission loss obtained with Vigran’s formulation is plotted as a further proof that the different
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results, measured on the sample without mechanical bridges, are compared with the numerical data obtained from the
TMM
assumptions made in this model are correct and necessary to consider double wall system con-
sisting of two plates with incomparable thickness and mass, or when the cavity is filled with
high density porous or fibrous material that cannot be modelled as an equivalent fluid. Even
though Vigran’s model works very well with double leaf lightweight structures, it clearly fails
in the prediction of the reduction of the ETICS transmission loss, caused by the presence of
point-bridges, providing an underestimated correction term. For a better understanding of the
influence of structural connections, the differences ∆TL between the transmission loss without
and with bridges, either measured and predicted, are given Figure 10. The TMM provides a good
approximation of the experimental TL differences. The discrepancies found at high frequencies
are mostly related to the assumption of infinitely stiff bridges, which causes an overestimated
reduction of the transmission loss of the system.
5. Conclusion
A prediction model, developed to investigate the transmission loss provided by the ETICS
cladding for building fac¸ades, used to achieve a good thermal and sound insulation performance,
has been presented. The basic building wall and the cladding system can be seen as a multi-
layer structure; therefore, the TMM is a particularly useful tool to describe sound propagation
through the different media. Due to static reasons it is necessary to attach the lining slabs us-
ing mechanical connections other than an adhesive layer. Although many prediction models can
be found in literature to model structural links in stratified elements, or double panel partitions,
it has been shown that those are not suitable for the ETICS systems. A new model, based on
the decoupled approach has been proposed within the TMM. It takes inspiration from Vigran’s
formulation, which was conveniently modified in order to make it suitable for such building
elements. The structure-borne sound transmission through mechanical fixings is considered by
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Figure 8: Comparison between the total vibration velocity measured on the plaster layer surface, on the structure with me-
chanical connections, multiplied by the radiation efficiency experimentally evaluated and the numerical surface velocity
ratios with and without bridges multiplied respectively by the airborne and point-driven radiation efficiency.
means of a correction factor added to the transmission coefficient obtained from the TMM model.
All the parameters necessary to determine the correction term were accurately described, defin-
ing all the assumptions made in their derivation. The validation of each parameter and the global
reliability of the model were investigated with experimental measurements. At first the influence
of mechanical connections on the sound insulation provided by the element was investigated.
Due to the structure-borne transmission, a clear reduction of the sound insulation above the 630
Hz frequency band is shown. Comparing the transmission loss, measured on the tested element
without structural links, with the numerical results obtained from TMM a very good agreement
was found, proving that this is a suitable tool for such elements. The validation shows that all
the assumptions of the model are quite reasonable and the numerical parameters approximate
very well the experimental data. Differently from what has been done in the methods based on
the decoupled approach that can be found in literature, the ratio of the mechanical excitation and
airborne excitation radiation efficiency of the plate on the receiving side is here considered. The
power radiated due the structural connection is thus computed by taking into account the mean
square velocity averaged over the entire plate surface, instead of considering only a restricted
area over which each mechanical force is exerted. Comparing the maps of velocity distribution
measured for the two mounting conditions, it can be seen that the presence of structural connec-
tions influence the whole radiating surface, although the highest levels coincide with the bridges,
also the velocity in the bays is increased. The numerical evaluation of the surface velocities ratios
matches very well the experimental results both for the case with sound bridges and in absence
of structural links. Comparing the radiated sound power measured in the two different mounting
configurations it was found that there was a similar radiation behaviour at low frequencies, which
is governed by transmission via the mineral wool. However, at high frequencies the radiation,
due to the bridges action, becomes more and more significant. The global reliability of the model
was finally checked by comparing the measured transmission loss with the results obtained from
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Figure 9: Sound power levels radiated by the building element, experimentally determined from sound intensity mea-
surements.
the TMM. The model provides a good approximation of the experimental sound insulation ac-
curately predicting the frequency region where the sound insulation of the building element is
reduced due to the bridges actions.
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